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Oocytes from most animals arrest twice during the meiotic cell cycle. The universally conserved prophase I arrest is released by a
maturation hormone that allows progression to a second arrest point, typically metaphase I or II. This second arrest allows for short-term
storage of fertilization-competent eggs and is released by signaling that occurs during fertilization. Nematodes are unique in that the
maturation hormone is secreted by sperm rather than by the mother’s somatic tissues. We have investigated the nature of the second arrest in
matured but unfertilized Caenorhabditis elegans embryos using time-lapse imaging of GFP-tubulin or GFP-histone. Unfertilized embryos
completed anaphase I but did not form polar bodies or assemble meiosis II spindles. Nevertheless, unfertilized embryos assembled female
pronuclei at the same time as fertilized embryos. Analysis of embryos fertilized by sperm lacking the SPE-11 protein indicated that
fertilization promotes meiotic cytokinesis through the SPE-11 protein but assembly of the meiosis II spindle is initiated through an SPE-11-
independent pathway.
D 2005 Elsevier Inc. All rights reserved.Keywords: Meiosis; Fertilization; Cyclin B; Meiotic exitIntroduction
During oogenesis, progression of the meiotic cell cycle is
finely attuned to external cues such as hormones and sperm.
Oocytes of many species arrest twice during meiosis. The
first arrest, which occurs at prophase I, can last for several
weeks in lower animals and for decades in higher
vertebrates. Hormones are required for release from this
first block in the majority of animals studied, for example
progesterone in Xenopus and 1-methyladenine in starfish.
Release from the prophase I arrest is termed maturation and
leads to germinal vesicle breakdown (disassembly of the
nuclear envelope of the prophase-arrested oocyte) and
formation of the meiosis I spindle. Maturation is due to an
increase in the activity of cyclin B/cdk1 which phosphor-
ylates targets responsible for both germinal vesicle break-0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.03.009
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E-mail address: fjmcnally@ucdavis.edu (F.J. McNally).down and events that drive cells from prophase into
metaphase (Abrieu et al., 2001; Kishimoto, 1998).
The second meiotic arrest occurs at metaphase II in
vertebrates (Tunquist and Maller, 2003) and at metaphase I
in starfish (Harada et al., 2003), ascidians (Marino et al.,
2000) and Drosophila (Page and Orr-Weaver, 1997).
Maintenance of this arrest is an active process (Oita et al.,
2004; Tunquist and Maller, 2003) and its purpose would
appear to be to keep eggs in a fertilization competent state
until they encounter sperm. At least in vertebrates and
ascidians, fertilization causes a release from this arrest by
activating the anaphase promoting complex, a ubiquitin
ligase that drives the proteolysis of cyclin B and thus
inactivation of cdk1 (Nixon et al., 2002). This inactivation
allows anaphase and meiotic exit, after which chromosomes
decondense and form pronuclei.
The effects of fertilization on oocytes are of particular
interest in the self-fertilizing hermaphroditic nematode,
Caenorhabditis elegans. In C. elegans, anterior–posterior
polarity of the embryo is marked by asymmetric cortical82 (2005) 218 – 230YDBIO-01934; No. of pages: 13; 4C:
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asymmetrically localized until after fertilization and com-
pletion of female meiosis (Cuenca et al., 2003). Asymmetric
deposition of these proteins is determined by the position of
the sperm (Goldstein and Hird, 1996; O’Connell et al.,
2000; Wallenfang and Seydoux, 2000) and polarity is not
properly established in embryos fertilized by sperm that lack
the SPE-11 protein (Hill et al., 1989). In addition, the
protein kinase MBK-2 is required to establish embryonic
polarity and this kinase undergoes dramatic redistribution
during female meiosis before polarity is established (Pellet-
tieri et al., 2003). Thus, fertilization may make multiple,
distinct contributions to embryonic development.
Surprisingly, a detailed analysis of female meiosis in
unfertilized C. elegans embryos has not been reported. The
only published study reported that the oocyte nucleus
undergoes ‘‘one reductive division’’ (Ward and Carrel,
1979). Because no data were shown, it has been unclear
whether anaphase I or polar body formation occurs
normally. Because the interplay between female meiosis
and fertilization is vital for initiating embryonic develop-
ment, we conducted a quantitative study of meiosis in
matured but unfertilized embryos. We refer to these cells as
‘‘unfertilized embryos’’ throughout this paper because they
do not fit any classical definition of oocyte or egg.
The signal for oocyte maturation in C. elegans is
provided by the major sperm protein, MSP (Miller et al.,
2001), which acts through the Eph-related receptor protein
tyrosine kinase, VAB-1 (Miller et al., 2003). Every 23 min,
the oldest oocyte in the C. elegans gonad undergoes meiotic
maturation (McCarter et al., 1999) in response to MSP
secreted from sperm in the adjacent spermatheca (Miller et
al., 2001). During maturation, the oocyte undergoes
germinal vesicle breakdown as it enters meiotic M-phase
and the somatic tissue of the gonad contracts to squeeze the
oocyte into the spermatheca. It is likely that fertilization
occurs just as the oocyte enters the spermatheca because a
single Ca++ wave initiates in the oocyte at this time (Samuel
et al., 2001) and because penetration of sperm into the
oocyte has been directly observed by Nomarski microscopy
(Ward and Carrel, 1979). Meiosis I spindle assembly
initiates before the oocyte enters the spermatheca and is
typically completed while the zygote is inside the sperma-
theca (Yang et al., 2003). Zygotes then exit the spermatheca
and move into the uterus, where they complete meiosis and
begin the early stages of embryogenesis.
To examine how female meiosis is influenced by
fertilization, we used strains carrying either of the temper-
ature-sensitive mutations fer-1(hc1) or spe-9(hc88), which
produce fertilization-defective sperm at 25-C (L’Hernault et
al., 1988). Unlike feminized mutants, which completely lack
sperm and so rarely ovulate (McCarter et al., 1999), either
type of defective sperm is capable of producing MSP
(Miller et al., 2001) for signaling oocytes to proceed into
metaphase and to ovulate (McCarter et al., 1999). Because
embryos produced by these mutants develop normally whenfertilized with wild-type sperm, they should contain a wild-
type complement of maternally provided proteins and
therefore differ from wild-type embryos only in being
unfertilized. These matured, but unfertilized, embryos
should be analogous to progesterone-treated Xenopus
oocytes or 1-methyladenine-treated starfish oocytes. We
refer to these unfertilized embryos as ‘‘embryos’’ rather than
oocytes because they undergo continuous cycles of DNA
replication after ovulation (Ward and Carrel, 1979). Our
studies indicate that unfertilized C. elegans embryos
undergo a normal meiosis I through anaphase I, however,
the anaphase I spindle midzone persists and no metaphase II
spindle assembles during the time that meiosis II normally
occurs in fertilized embryos. The timing of cyclin B
degradation, pronucleus formation and redistribution of
the MBK2 kinase are also abnormal in unfertilized embryos.
These results demonstrate that fertilization makes multiple
contributions to female meiosis in C. elegans.Materials and methods
C. elegans strains
The GFP-tubulin-expressing strain used in this study was
WH204 (Strome et al., 2001). The GFP-histone-expressing
strain, AZ212 (Praitis et al., 2001), BA1 [fer-1(hc1) I]
(Ward and Miwa, 1978), BA671 [spe-9 (hc88)] (L’Hernault
et al., 1988) and BA717 [spe-11(hc90); sDp2(I; f)]
(L’Hernault et al., 1988) were obtained from the Caeno-
rhabditis Genetics Center. The GFP-cyclin B strain used was
ET113 [unc-119(ed3); ekIs2 (pie-1 promoter/CYB-10GFP;
unc-119(+))] (Liu et al., 2004). The GFP-MBK-2 express-
ing strain, JH1572, and the strain expressing both GFP-
MBK-2 and GFP-histone, JH1575, were previously
described (Pellettieri et al., 2003). Worms homozygous for
fer-1(hc1) or spe-9(hc88) and homozygous for the various
GFP transgenes were obtained through crosses. Hetero-
zygous spe-11(hc90)/+ worms expressing GFP-histone were
generated by crossing BA717 with AZ212. To obtain
homozygous spe-11(hc90) worms expressing GFP-histone,
the F2 progeny were then screened for worms containing
one-celled embryos and expressing GFP-histone. All strains
homozygous for fer-1(hc1) or spe-9(hc88) were maintained
at 16-C. All other strains were maintained at 20-C. All
worms were shifted to 25-C for 12–24 h prior to filming.
In utero filming
Adult hermaphrodites were anesthetized with tricaine/
tetramisole as described (Kirby et al., 1990; McCarter et al.,
1999) and gently mounted between a coverslip and a thin
agarose pad on a slide. Mineral oil was used to reduce
evaporation at the edge of the coverslip. Imaging was
carried out with a Nikon Microphot SA upright microscope
by using a 60 PlanApo 1.4 objective. Excitation light from
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reflecting ‘‘hot mirror’’ (Chroma Technologies) and a 25%
transmission neutral density filter. A GFP long pass filter set
(Omega Optical) was used. Excitation light was shuttered
with a Uniblitz shutter controlled by a Ludl MAC2000
controller and IP Lab Spectrum software. For the filming of
meiotic chromosome and spindle movements in worms
expressing either GFP-histone or GFP-tubulin, respectively,
exposures of 0.15–0.3 s were captured at 15- or 30-s
intervals with a Photometrics Quantix/KAF1400 camera
(Roper Scientific). For the filming of GFP-MBK-2 relocal-
ization, exposures of 0.15–0.3 s were captured at 30- or
60-s intervals. For the filming of GFP-CYB-1 expression,
exposures of 0.15–0.2 s were captured at 60-s intervals.
Embryos were followed through formation of the femaleFig. 1. The meiosis I spindle midzone persisted for many minutes in unfertil
representation of the wild-type meiotic spindle cycle (either meiosis I or meiosis
spindle shortens over a period of several minutes. During the shortening process, w
the cortex of the embryo. Anaphase chromosome separation begins soon thereafter
‘‘midzone’’. The midzone lengthens and narrows into a ‘‘midbody’’ that is seve
fluorescence show the timing of meiosis in a wild-type, fertilized embryo. When
metaphase I spindle is shown 1.75 min after spermatheca exit. Soon thereafter, it s
The midzone lengthened into a midbody as the polar body formed (12 min). At
meiosis II spindle then began to form (13 min). The arrow indicates the fragmen
those of meiosis I with spindle shortening (17–20 min) and midzone formation (21
Time-lapse images of GFP-tubulin fluorescence show that in unfertilized, fer-1 em
(3 min). Shortening, rotation (9 min) and midzone formation (11.25 min) occurred
for many minutes and no polar body or meiosis II spindle was observed. Two pron
by spinning disk confocal microscopy. Time zero corresponds to exit from the sppronucleus to ensure that meiosis was not arrested due to
photodamage. The anesthetized worm containing the filmed
embryo was then discarded.
Confocal microscopy
Images in Fig. 1C were acquired with a Perkin-Elmer
spinning disk confocal microscope. Exposures of 1.5 s were
captured approximately every 60 s. Although images
obtained using the spinning disk confocal microscope were
clearer than images obtained using the Nikon microphot-SA
upright microscope, the former was not generally used in
these studies because the embryos seldom entered inter-
phase following meiosis, suggesting that photodamage or
overheating had occurred.ized embryos and no metaphase II spindle was formed. (A) Schematic
II) starting with a fully assembled spindle at the cortex of the embryo. The
hen the spindle is approximately 4.6 Am in length, the spindle rotates toward
. The spindle microtubules are then rearranged so that they are observed in a
red as the polar body is formed. (B) Time-lapse images of GFP-tubulin
possible, the embryo cortex was outlined with a white line for clarity. The
hortened (6.25 min), rotated (7 min), and a midzone was observed (9 min).
12.25 min, the midbody appeared to be disassembled at the center and the
t of the midbody segregated into a polar body. Meiosis II events paralleled
.75 min). Images were acquired by wide-field fluorescence microscopy. (C)
bryos, the metaphase I spindle appeared as in wild-type, fertilized embryos
in a timely fashion. The meiosis I midzone of unfertilized embryos persisted
uclei were observed soon after completion of filming. Images were acquired
ermatheca in both panels (A) and (B). Scale bar = 5 Am.
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To determine the relative levels of GFP-CYB-1 during
meiosis, average cytoplasmic pixel values were obtained
from images containing the proximal oocyte, the meiotic
embryo and a mitotic embryo. These images were captured
at 1 or 2 min intervals beginning immediately after exit of
the meiotic embryo from the spermatheca. The fluorescence
intensities of the meiotic embryo and of the proximal oocyte
were adjusted for each timepoint by subtraction of the
average fluorescence intensity of a neighboring, mitotic
embryo. To adjust for photobleaching, the average fluo-
rescence intensity of the meiotic embryo in each image was
then expressed as a percentage of the average fluorescence
intensity of the proximal oocyte in the same image. Using
these corrections, the starting level of GFP-CYB-1 fluo-
rescence in the meiotic embryos was often either somewhat
greater or lesser than 100%. This is most likely a reflection
of the drastic changes in cell shape and orientation during
ovulation and not a change in GFP-CYB-1 levels.Results
Fertilization is required for the timely disassembly of the
anaphase I spindle, formation of the first polar body and
assembly of the meiosis II spindle
To examine the effect of fertilization on female meiosis,
strains were generated that carry either of the temperature-
sensitive mutations fer-1(ts) or spe-9(ts) and that express
GFP-tubulin or GFP-histone in the oocytes. Time-lapse, in
utero imaging of unfertilized embryos in 8/8 fer-1(ts) or spe-
9(ts) worms expressing GFP-tubulin revealed that the initial
stages of meiosis I in these embryos are similar to those in
fertilized embryos (Fig. 1). Meiosis I spindles in both
fertilized and unfertilized oocytes assembled while the
oocyte was in the spermatheca. Meiosis I spindles in
unfertilized embryos attained a maximum pole–pole length
[7.95 T 0.13 Am (n = 5)] that was similar to that of meiosis I
spindles in fertilized embryos [8.0 T 0.7 Am (n = 27)].
Spindle width at metaphase was also similar between
unfertilized [6.15 T 0.56 Am (n = 4)] and fertilized embryos
[6.3 T 0.5 Am (n = 27)]. Spindles in unfertilized embryos
assembled at the same distance from the cortex [3.51 T 0.59
Am (n = 5)] as those in fertilized embryos [3.69 T 0.59 Am
(n = 18)] and spindles in both fertilized and unfertilized
embryos translocated to the cortex either in the spermatheca
or within 3 min of spermatheca exit. Meiosis I spindles in
both unfertilized and fertilized embryos shortened at similar
velocities [0.8 T 0.1 Am/min (n = 5) and 0.8 T 0.2 Am/min
(n = 27), respectively] and rotated to the perpendicular
orientation at similar spindle lengths [4.49 T 0.08 Am/min
(n = 5) and 4.85 T 0.40 Am/min (n = 4), respectively].
Finally, the overall timing of meiosis I appears similar as the
elapsed time in minutes between ovulation and completionof meiosis I spindle rotation was 16.5 +/4.1 min (n = 4) in
unfertilized embryos and 14.9 T 2.8 min (n = 4) in fertilized
embryos.
A striking difference between meiosis I in unfertilized
versus fertilized embryos becomes apparent with the
persistence of the meiosis I spindle midzone in unfertilized
embryos (Fig. 1C). In fertilized embryos, the array of
spindle microtubules that remained between segregated
chromosomes at the end of spindle shortening (midzone)
was only 2 Am long (Fig. 1B, 9 min). This midzone
elongated and narrowed into a spindle ‘‘midbody’’ as the
cortex invaginated around the DNA that is to be deposited
in the polar body (Fig. 1B, 12 min). At 4.7 T 0.7 min after
spindle rotation, the midbody comes apart at the center (Fig.
1B, 12.25 min), presumably during the cytokinesis that
gives rise to the first polar body. The small portion of the
midbody that remains inside the embryo then either
disappears completely or becomes incorporated into the
assembling meiosis II spindle. In contrast, the meiosis I
midbody in 9/9 unfertilized embryos did not split and did
not disassemble in a timely fashion (Fig. 1C, 11.25–19.25
min). The midbody remained intact for 12.2 T 3.5 min (n = 9)
after meiosis I spindle rotation and a portion of the midbody
persisted for 23 T 8 min (n = 5) after rotation. The
unfertilized embryos formed two female pronuclei without
ever assembling a meiosis II spindle and, in four time-lapse
sequences, the meiosis I midbody persisted until at least one
of the two pronuclei formed.
Time-lapse imaging of 9/10 unfertilized embryos in spe-
9 (ts) worms expressing GFP-histone supported the
observations made with unfertilized embryos expressing
GFP-tubulin (a tenth spe-9(ts) embryo arrested in meta-
phase I, most likely due to photodamage or mishandling of
the worm.) Chromosome congression into a regular
pentagonal array (Figs. 2A, 6 min and 2C) and chromo-
some segregation perpendicular to the cortex (Fig. 2A, 9.5
min and 2B, 9 min) indicated that spindle assembly and
rotation were normal in unfertilized embryos. In both
fertilized and unfertilized embryos, anaphase chromosome
segregation occurred soon [0.7 T 0.4 min (n = 14) and
0.83 T 0.43 min (n = 9), respectively] after spindle rotation.
Chromosomes in unfertilized embryos, however, appeared
to remain attached to the spindle midzone for a longer
period (Fig. 2B, 9–18 min) than in fertilized embryos and
were not deposited in polar bodies. In fertilized embryos,
chromosomes are widely spaced during metaphase (Fig.
2A, 7.5 min) and then are compressed into tight bundles
during anaphase (Fig. 2A, 9.5 min). Individual chromo-
somes within a bundle separate from each other (Fig. 2A,
13.5 min) 6.3 T 0.7 min (n = 14) after spindle rotation,
which is 5.6 T 0.4 min after initiation of anaphase
chromosome segregation. This chromosome individualiza-
tion probably indicates release of kinetochores from
meiosis I microtubule attachments so that sister kineto-
chores can make completely new attachments to micro-
tubules emanating from opposite poles of the assembling
Fig. 2. Meiotic chromosomes remained tightly clustered following anaphase I and no metaphase II congression occurred in unfertilized embryos. (A) Time-
lapse images of GFP-histone fluorescence show the timing of meiosis in a fertilized embryo beginning shortly after exit from the spermatheca. When possible,
the cortex has been outlined in white for clarity. The metaphase I configuration of chromosomes was seen clearly at 6 min. Spindle rotation was complete at 7.5
min. Anaphase I (9.5 min) occurred shortly after rotation and, at 13.5 min, chromosomes were observed in a polar body (arrow) and meiosis II spindle.
Metaphase II chromosomes were visible at 17.5 min in a pentagonal array, which is the pattern that chromosomes display when the metaphase spindle is
viewed in cross-section. Spindle rotation and anaphase II are shown from 21.25–23.25 min. (B) Time-lapse images of GFP-histone fluorescence indicate that,
in an unfertilized, spe-9 embryo, anaphase I chromosomes remained tightly clustered and were not incorporated into a meiosis II spindle or polar body. The
early stages of meiosis I (spindle formation through anaphase chromosome separation) were completed as in the fertilized embryo (3 min–11.5 min). The
pentagonal metaphase chromosome configuration was slightly obscured (3–8 min) by the angle of view. The anaphase I chromosomes remained tightly
clustered until soon after the 18 min timepoint, at which time the set of chromosomes in the cell interior began to decondense and form into a pronucleus. The
chromosomes at the cortex remain tightly clustered for several minutes before decondensing and forming a second pronucleus (not shown). (C) The metaphase
I chromosome arrangement of an unfertilized, spe-9 embryo is seen more clearly from this angle. Note that the configuration is similar to that of the fertilized
embryo in panel (A) at 6 min. (D) Fluorescence images of two different unfertilized embryos expressing GFP-histone and captured approximately 12 min after
the start of anaphase I indicate that no sister chromatid separation occurred in these embryos. A schematic representation of the second image shows three intact
pairs of sister chromatids. The remaining pairs of sister chromatids are in different focal planes. Arrow indicates one dumbell-shaped sister chromatid pair. All
images were acquired by wide-field fluorescence microscopy. Scale bar = 5 Am.
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individualization is consistent with the timing of the
breakdown of the midbody in fertilized embryos (see Fig.
1B). In unfertilized embryos, the chromosomes remain in
tightly compressed bundles for 5 min longer than in
fertilized embryos [11.3 T 2.9 min (n = 9) after spindle
rotation or 10.5 T 2.5 min (n = 9) after initiation of
anaphase chromosome segregation]. Chromosomes then
separate slightly but never form the pentagonal arraycharacteristic of meiosis II metaphase (Fig. 2A, 17.5 min).
The segregated chromosome bundles remain in an anaphase
configuration, no cytokinesis occurs and the two chromo-
some bundles eventually decondense to form two distinct
pronuclei. In some GFP-histone sequences, dumbell-shaped
pairs of sister chromatids could clearly be distinguished just
before chromatin decondensation began (Fig. 2D), indicat-
ing that sister chromatid cohesion remained intact. These
results are consistent with the observation that the intact
K.L. McNally, F.J. McNally / Developmental Biology 282 (2005) 218–230 223meiosis I midzone persists longer in unfertilized embryos
than in fertilized embryos.
Our observations of the persistence of the meiosis I
spindle midzone, the persistence of the anaphase I
chromosome configuration and the absence of meiosis II
in unfertilized C. elegans embryos are somewhat similar
to the meiotic phenotypes reported for cdc14 and spo12
‘‘meiotic exit network’’ mutants in S. cerevisiae. These
yeast mutants also exhibit ‘‘lagging’’ chromosomes during
anaphase I (Buonomo et al., 2003; Marston et al., 2003).
In contrast, anaphase I chromosomes segregated into two
distinct masses with no sign of ‘‘lagging’’ chromosomes
in 12/12 unfertilized C. elegans embryos (Fig. 2B). This
result indicates that the failure to assemble a meiosis II
spindle in unfertilized C. elegans embryos is not
accompanied by meiosis I defects as is the case in
budding yeast spo12 mutants. It remains a possibility,
however, that unfertilized C. elegans embryos are
defective in a ‘‘meiotic exit network’’ that differs from
that in budding yeast.
Chromosome decondensation and pronucleus formation
proceed at a decreased and variable rate in unfertilized
embryos
We define meiotic exit as the transition from meiotic
anaphase to ‘‘interphase’’ since it is not known if there is a
G1 phase between meiotic anaphase and the first mitotic S
phase in C. elegans. In fertilized embryos, interphase is
marked by decondensation of both maternal and sperm
chromatin and formation of a pronucleus around each of
these decondensing chromosome masses. Because no polar
body is formed in unfertilized embryos, both sets of
anaphase I chromosomes remain in the embryo and are
incorporated into two female pronuclei (Figs. 3A and B).
However, the timing of chromatin decondensation and
pronucleus formation differs drastically between the two
sets of chromosomes. Chromosomes that are segregated
deeper into the interior of the embryo at anaphase I remain
tightly clustered (Fig. 3A, 2 min) for 9.9 T 0.8 min (n =
13) after the start of anaphase I (Fig. 3C). These
chromosomes then move apart or individualize in a
manner that suggests they have been released from their
kinetochore microtubule attachments (Fig. 3A, 10.5 min).
After they begin to individualize, the chromosomes
decondense and form into a pronucleus (Fig. 3A, 15–
17.5 min). The chromosomes that were intended for the
polar body and are at the cortex individualize (Fig. 3A, 16
min) much later than the internal chromosomes [17.1 T 3.3
min (n = 7) after the start of anaphase I] and this timing is
much more variable than for the internal chromosome set
(Fig. 3C). Complete decondensation of the cortical
pronucleus is also variably delayed. These results suggest
that chromosomes that are intended for a polar body are
modified and this modification must be reversed before
chromatin decondensation can occur.To determine whether meiotic exit occurs normally in
unfertilized embryos, we compared the timing of chromo-
some decondensation and pronucleus formation for the
internal chromosome set of unfertilized embryos and the
corresponding chromosomes of fertilized embryos. In
fertilized embryos, chromosomes segregated into the
embryo at anaphase II begin decondensing immediately
after the chromosomes individualize. The decondensing
chromatin increases in size until it achieves a final diameter
of 6.2 T 0.2 Am (n = 9). The rate of increase in the diameter
of the internal pronucleus of unfertilized embryos [0.41 T
0.1 Am/min (n = 5)] was significantly (Student’s t test)
slower than the rate in fertilized embryos [0.52 T 0.04 Am/
min (n = 5)]. As shown in the histograms in Figs. 3D and E,
the time to completion of decondensation after onset of
anaphase I was extremely reproducible in fertilized embryos
and highly variable in unfertilized embryos. The slow
decondensation of chromosomes in unfertilized embryos is
also indicated by the time between chromosome individu-
alization (black bars in Fig. 3E) and completion of
decondensation (gray bars). The slow decondensation of
chromatin in unfertilized embryos occurred during the time
that fertilized embryos underwent meiosis II. Thus, the
average time from initiation of anaphase I to completion of
pronuclear chromatin decondensation was very similar
between fertilized and unfertilized embryos (Figs. 3D and
E). This observation suggests that an internal ‘‘clock’’ that is
independent of fertilization, polar body formation and
meiosis II determines the timing of meiotic exit. The
variability in timing of meiotic exit in unfertilized embryos,
however, suggests that fertilization can synchronize this
internal clock.
After meiotic exit, unfertilized embryos that accumulate
in the uterus have a single large nucleus. The DNA content
of these nuclei has been reported to increase with time
(Ward and Carrel, 1979) indicating that continuous cycles of
DNA replication occur. We have not been able to film the
transition from two female pronuclei to a single large
nucleus.
Cyclin B degradation does not go to completion during
meiosis in unfertilized embryos
Fertilization-dependent proteolysis of cyclin B is
required for exit from meiotic M phase in mouse and
Xenopus. Our observation that the meiotic chromosomes of
unfertilized C. elegans embryos decondense more slowly
than do those of fertilized embryos suggested that cyclin B
proteolysis might be affected in unfertilized embryos.
Proteolysis of cyclin B was monitored by loss of GFP
fluorescence in fertilized and unfertilized meiotic embryos
of worms expressing a fusion between GFP and the cyclin
B1 homolog CYB-1 (GFP-CYB-1; Liu et al., 2004). High
levels of GFP-CYB-1 fluorescence are observed in the
immature oocytes of the gonad and almost no fluorescence
is observed in the mitotic embryos in the uterus (Fig. 4 and
Fig. 3. The rate of interphase pronucleus formation was more variable in unfertilized embryos than in fertilized embryos. (A) Time-lapse images of an
unfertilized spe-9 embryo expressing GFP-histone were captured from the start of anaphase I chromosome separation. The separated chromosomes are shown
initially at 2 min; the arrow indicates the chromosomes at the cortex. At 10.5 min, the internal chromosomes began to individualize. A pronucleus formed as the
chromosomes moved further apart and decondensed (12.5 and 15 min). The chromosomes at the cortex then began to individualize (16 min) and decondense
(17.5 min) as a second pronucleus formed. The embryo cortex was indicated with a white line for clarity. Scale bar = 5.25 Am. (B) DIC image of an unfertilized
embryo such as the one shown in panel (A) and containing two pronuclei. The two pronuclei will eventually join to form a single nucleus. The embryo cortex
was indicated with a black line for clarity. Arrows indicate the positions of the pronuclei. (C) Histogram indicating the times at which the internal (black bars)
and cortical (striped bars) chromosome clusters of unfertilized spe-9 embryos began to individualize. Time zero is the start of anaphase I chromosome
segregation. (D) Histogram indicating the timing of events in fertilized embryos. Time zero is the start of anaphase I chromosome segregation. Striped bars
indicate the start of anaphase II chromosome separation; black bars indicate the time at which the anaphase II chromosomes began to individualize; gray bars
indicate the time at which anaphase II chromosomes were fully decondensed into a pronucleus. (E) Histogram indicating the times at which the internal,
anaphase I chromosome clusters of unfertilized spe-9 embryos individualized (black bars) and were completely decondensed (gray bars). Time zero is the start
of anaphase I chromosome segregation.
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too fast to allow folding of newly synthesized GFP before it
is proteolyzed. In 6/6 fertilized embryos, GFP-CYB-1 levels
began to decrease dramatically soon after spermatheca exit
(Figs. 4C and D). The fluorescence intensity did not always
begin to decrease immediately, but in 2/6 embryos remained
stable for several minutes, indicating that exit from thespermatheca is not the direct trigger for cyclin B degrada-
tion. GFP-CYB-1 fluorescence in fertilized embryos
decreased for approximately 12 min and then remained
fairly stable for approximately 10 min (Fig. 4D). These two
periods of rapid GFP-CYB-1 turnover and of GFP-CYB-1
stability coincide with the timing of meiosis I and meiosis II,
respectively. These results support the interpretation that
Fig. 4. Degradation of cyclin B1 did not go to completion in unfertilized embryos. (A) Schematic representation of the DIC image shown in panel (B) indicates
the positions of the proximal oocyte and embryos in a wild-type worm expressing a GFP-CYB-1 transgene. (C) Time-lapse images of GFP-cyclin B
fluorescence were captured beginning immediately after a fertilized, wild-type meiotic embryo exited the spermatheca. The images shown are representative of
the different stages of cyclin B degradation during meiosis. Intestine autofluorescence is observed in the lower left-hand corner. Scale bar = 20 Am. (D) Graph
showing the decrease in GFP-cyclin B fluorescence intensity in a fertilized embryo from spermatheca exit to pronucleus formation. Fluorescence intensity
values are expressed as a percentage of the average fluorescence intensity of the proximal oocyte as described in Materials and methods. GFP-cyclin B
fluorescence intensity in the fertilized embryo decreased rapidly during the period that meiosis I was expected to occur, plateaued during the period that meiosis
II was expected to occur and decreased again as the embryo approached interphase. (E) Graph showing the decrease in GFP-cyclin B fluorescence intensity in
an unfertilized embryo from spermatheca exit to pronucleus formation. GFP-cyclin B fluorescence intensity decreased rapidly during the period that meiosis I
was expected to occur but the fluorescence intensity leveled off at approximately 20% of that of the proximal oocyte and remained at that level as the embryo
entered interphase.
K.L. McNally, F.J. McNally / Developmental Biology 282 (2005) 218–230 225cyclin B levels must decline for the embryo to exit meiosis I,
but a residual level of activity must remain in the embryo to
propel it into metaphase II. Twenty to twenty-four minutes
after the start of GFP-CYB-1 proteolysis, at a time when
meiosis II is expected to be completed, fluorescence levels
decreased again and approached zero. Pronuclei were
observed at the end of this period indicating that the
embryos had entered interphase.
In 9/9 unfertilized embryos, GFP-CYB-1 fluorescence
decreased rapidly after exit from the spermatheca just as in
fertilized embryos (Fig. 4E). This is consistent with the
occurrence of anaphase I in unfertilized embryos, in contrast
with unfertilized vertebrate eggs which arrest at metaphase
with high levels of cyclin B. A significant difference was
observed between the unfertilized and the fertilized embryos
at the time that meiosis II was expected to be completed in
fertilized embryos. The second phase of decreasing GFP-
CYB-1 fluorescence intensity did not occur in unfertilized
embryos to the extent observed in fertilized embryos. At 27
min after spermatheca exit, GFP-CYB-1 fluorescence
intensity was 7 T 5% (n = 6) of the value in the proximaloocyte in fertilized embryos and 19 T 10% (n = 9) in
unfertilized embryos. This difference was statistically
significant (P = .001) indicating that cyclin B proteolysis
is not complete in unfertilized embryos. Pronuclei were
observed at the end of these time-lapse sequences, indicat-
ing that unfertilized embryos entered interphase with a
residual, metaphase II level of cyclin B. This is the likely
explanation for the slow rate of chromatin decondensation
in unfertilized embryos.
Timing of the spatial rearrangement of GFP-MBK-2 is
delayed in unfertilized embryos
The DYRK family kinase, MBK-2, coordinates the
degradation of several maternal proteins and is required
for zygotes to complete mitotic cytokinesis and pattern the
first embryonic axis (Pellettieri et al., 2003). A GFP-MBK-2
fusion is dispersed uniformly on the cortex of the embryo in
oocytes and early meiotic embryos but undergoes a dramatic
spatial relocalization after metaphase of meiosis I and prior
to the second meiotic division. This rearrangement causes
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embryo (Pellettieri et al., 2003). The time frame of GFP-
MBK-2 redistribution suggests the existence of a cell-cycle
transition around the time that is affected by fertilization.
To test whether fertilization affects the redistribution of
GFP-MBK-2, we first collected time-lapse images of
fertilized or unfertilized embryos in worms that express
GFP-MBK-2 and GFP-histone. In fertilized embryos, GFP-
MBK-2 foci were first observed on the cortex at 4.3 T 0.7
min (n = 4) after the start of anaphase I chromosome
segregation (Fig. 5A, 13.25 min). The appearance of cortical
foci of GFP-MBK-2 in unfertilized, spe-9 embryos was
delayed until 12.3 T2.1 min (n = 3) after the start of
anaphase I chromosome separation (data not shown). The
timing of GFP-MBK-2 redistribution was also measured in
fertilized and unfertilized embryos expressing only GFP-
MBK-2 and using exit from the spermatheca as a reference
point (Figs. 5B–D). In these experiments, cortical foci ofFig. 5. Redistribution of GFP-MBK-2 was delayed in unfertilized embryos. (A) T
GFP-histone indicate that the redistribution of GFP-MBK-2 into a punctate patter
prior to the formation of a meiosis II spindle. A metaphase I arrangement of chrom
anaphase chromosome segregation occurred. Chromosome segregation was co
established by 13.25 min. Scale bar = 5 Am. (B) DIC image of a spe-9 worm expr
unfertilized embryos. Cell cortices have been outlined for clarity. The two pronucle
nucleus in the proximal embryo. Because unfertilized embryos lack eggshells, thi
immature oocyte. Scale bar = 10 Am. (C) Fluorescence image of the worm show
observed on the proximal oocyte and a punctate pattern of fluorescence was appare
the time elapsed between exit from the spermatheca and the appearance of GFP-M
MBK-2 transgene.GFP-MBK-2 appeared 13.7 T 1.9 min (n = 9) after
spermatheca exit in fertilized embryos and 22.4 T 3.0 min
(n = 8) after spermatheca exit in unfertilized embryos. These
results indicate that the redistribution of GFP-MBK-2 was
delayed by approximately 9 min in the absence of
fertilization. Whereas the biological significance of MBK-
2 redistribution is not known, this result highlights another
cellular event that normally occurs just after anaphase I and
that requires fertilization for proper synchronization.
The absence of SPE-11 is sufficient to explain the lack of
cytokinesis in unfertilized embryos
The spe-11 gene encodes a sperm-supplied protein that
must be present in the egg for proper zygotic development.
Unlike spe-9 mutant sperm, which cannot fertilize eggs at
all, spe-11 mutant sperm can fertilize eggs but the resulting
zygotes fail to produce polar bodies and show defects inime-lapse images of a fertilized embryo expressing both GFP-MBK-2 and
n occurred after the completion of anaphase I chromosome separation and
osomes is shown at 0 min. At 5.25 min, the spindle rotated and, at 8.25 min,
mpleted at 10.75 min and foci of GFP-MBK-2 fluorescence were well-
essing GFP-MBK-2 and indicating the positions of the proximal oocyte and
i that are formed immediately after meiosis have fused to form a single, large
s unfertilized embryo (which has exited meiosis) looks superficially like an
n in panel (B). An even, cortical pattern of GFP:MBK-2 fluorescence was
nt on the embryo which was most recently ovulated. (D) Histogram showing
BK-2 foci for fertilized and unfertilized embryos expressing only the GFP-
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nesis. These defects can be partially rescued by maternal
expression of a spe-11 transgene, indicating that SPE-11 is a
sperm protein that acts in the cytoplasm of the egg after
fertilization (Browning and Strome, 1996; Hill et al., 1989).
To determine whether the persistence of the anaphase I
spindle in unfertilized embryos is due to the absence of
SPE-11 in the zygote, we collected time-lapse images of
GFP-histone in embryos produced by worms homozygous
for a loss of function allele of spe-11. Time-lapse images
captured from two different examples of spe-11 worms are
shown in Figs. 6A and B.Fig. 6. The sperm-supplied SPE-11 protein is required for cytokinesis and does no
obtained for spe-11 mutants. Meiosis I spindle formation, rotation and anaphase I
mutants were defective for polar body formation and the anaphase I chromosom
meiosis II spindle which shortens and rotates. Anaphase II separation of the 24 sis
entered interphase soon thereafter. (B and C) Time-lapse images acquired during m
histone. Results for these two worms were similar except that the timing of meio
arrangements are shown (A, 2 and B, 6 min) which rotated (A, 8 and B, 7.5 min), le
out of the plane-of-focus in each movie. Approximately 5 min after the start of
(A, 17 and B, 14 min) and the 12 pairs of sister chromatids were then incorporated
B, 15 and 19 min). The meiosis II chromosome array then rotated (A, 30.5 and B
anaphase II, the internal sets of chromosomes formed pronuclei (A, 44 and B, 28 m
chromosomes at the cortex, which decondensed more slowly than the internal chr
bar = 4 Am.In 5/5 spe-11 embryos, meiosis I proceeded in a normal
manner until approximately 5 min after the start of
anaphase chromosome segregation when 12 pairs of sister
chromatids collapsed together and individualized (Fig. 6B,
17 min and C, 14 min), indicating both a failure in polar
body formation and release of kinetochore microtubule
attachments. The meiosis II chromosomes congressed,
rotated and separated in a normal anaphase II (Figs. 6B,
27.5–41 min and 6C, 19–25.5). The anaphase II
chromosome sets did not collapse together, but instead
formed into two female pronuclei which migrated to the
male pronucleus. These results are similar to thoset promote entry into meiosis II. (A) Schematic representation of the results
chromosome separation all occurred as in the wild-type. However, spe-11
es collapsed together. The 12 homologues were gradually organized into a
ter chromatids occurred without formation of a polar body and the embryo
eiosis in two different homozygous spe-11(hc90) worms expressing GFP-
sis II spindle assembly was delayed in panel (A). Metaphase chromosome
ading to anaphase I (shown at: A, 11.5 and B, 12 min). Anaphase I occurred
chromosome segregation, the anaphase I chromosomes collapsed together
into a single, large metaphase chromosome configuration (A, 25 and 27 min,
, 20.5 min), leading to anaphase II (A, 41 and B, 25.5 min). Shortly after
in) and migrated toward the male pronuclei (not shown). Arrows indicate the
omosomes sets. Time zero corresponds to exit from the spermatheca. Scale
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inhibitor latrunculin A or profilin depletion (Yang et al.,
2003). Thus, zygotes fertilized by sperm lacking SPE-11
undergo both meiosis I and meiosis II but do not undergo
cytokinesis. These studies suggest that the failure to
assemble a meiosis II spindle in an unfertilized embryo
is not simply a consequence of failed polar body formation
and further suggest that sperm makes separate contribu-
tions to meiosis II spindle assembly and to polar body
formation.Discussion
Female meiosis in unfertilized embryos
From time-lapse imaging of GFP-tubulin and GFP-
histone in matured but unfertilized C. elegans embryos, we
found that meiosis I occurs normally through anaphase but
that the spindle and chromosomes remain in an anaphase
configuration during the time when fertilized embryos
undergo polar body formation and meiosis II. The two sets
of homologous chromosomes segregated at anaphase I begin
chromatin decondensation and pronucleus formation without
loss of sister chromatid cohesion. Although chromatin
decondensation, as measured by the rate of expansion of
the pronucleus, is slower in unfertilized embryos, decon-
densation is completed at about the same time that a female
pronucleus forms after anaphase II in a fertilized embryo.
This result differs from our previous study in which we
observed a pronounced delay in pronucleus assembly in fer-
1 embryos (Yang et al., 2003), most likely due to photo-
damage during the earlier experiments. The overall timing of
meiotic exit is thus preserved by a fertilization-independent
clock. This clock appears to be synchronized by fertilization
because the timing of chromatin decondensation and
pronucleus formation is precise in fertilized embryos and
extremely heterogeneous in unfertilized embryos. Thus,
unfertilized C. elegans embryos fail to form polar bodies,
fail to assemble a meiosis II spindle and form pronuclei
slowly and at heterogeneous times.
Multiple contributions of fertilization to female meiosis
Polar body formation or meiotic cytokinesis does not
occur in unfertilized embryos even though the meiosis I
spindle undergoes anaphase in its proper position at the
cortex. Because polar body formation was also blocked in
embryos fertilized by sperm lacking SPE-11, failure to
introduce SPE-11 protein into the egg cytoplasm may be the
reason for meiotic cytokinesis failure in unfertilized
embryos. SPE-11 protein may be directly required for
cytokinesis, or a more trivial possibility is that polar body
formation is inhibited by the osmotic sensitivity of
unfertilized embryos, which have no egg shell. Osmotic
inhibition of cytokinesis has been reported for sep-1(RNAi)embryos and was attributed to the defective eggshells of
these embryos (Siomos et al., 2001).
The failure to assemble a meiosis II spindle in unfer-
tilized embryos cannot be simply due to a lack of SPE-11
protein because meiosis II occurs normally in embryos
fertilized by spe-11 mutant sperm. Meiotic exit without
meiosis II might be explained if cyclin B proteolysis went to
completion prematurely before meiosis II. Our analysis,
however, indicates that cyclin B proteolysis does not go to
completion prematurely in unfertilized C. elegans embryos.
Thus, assembly of a meiosis II spindle appears to require an
active process other than cyclin B stabilization and this
process requires fertilization. Our findings highlight the
existence of an active cell-cycle transition that is distinct
from the APC-dependent metaphase I–anaphase I transition
(Davis et al., 2002) or the CUL-2/ZYG-11-dependent
metaphase II–anaphase II transition (Liu et al., 2004;
Sonneville and Gonczy, 2004).
Clues to the molecular mechanism that drives the
anaphase I to metaphase II transition in oocytes are rare. In
budding yeast, cdc14 and FEAR (cdcFourteen Early
Anaphase Release) pathway mutants are delayed at anaphase
of meiosis I and do not appear to assemble meiosis II
spindles (Buonomo et al., 2003; Marston et al., 2003).
Homologs of FEAR pathway components, however, are not
readily apparent in the C. elegans genome (Wormbase) and a
C. elegans cdc-14 loss of function mutant is fertile (Saito et
al., 2004), indicating that fertilization activates the anaphase
I to metaphase II transition through some other mechanism.
A fraction of oocytes from LTXBO mice proceed directly
from anaphase I to interphase and this fraction appears to be
regulated by PKC activity (Viveiros et al., 2001). Unfortu-
nately, the molecular lesion in LTXBO mice is not known.
Xenopus oocytes depleted of the chromokinesin, XKID,
assemble a metaphase I spindle and appear to complete
anaphase I (as suggested by the presence of a single polar
body) but do not assemble a meiosis II spindle (Perez et al.,
2002). Thus, fertilization in C. elegans may regulate the
activities of a PKC or a chromokinesin.
Evolutionary perspective
Despite the failure to undergo meiosis II, unfertilized
C. elegans oocytes proceed into meiotic exit with normal
timing, in contrast with many species that arrest at a discrete
point after maturation. Maturation signals that are not
dependent on sperm cause release of the meiotic prophase
arrest in vertebrates, ascidians, starfish and Drosophila.
Vertebrate oocytes then arrest in metaphase of meiosis II
whereas ascidian, starfish and Drosophila oocytes arrest at
metaphase of meiosis I. Maintenance of this metaphase arrest
is an active, energy-consuming process (Oita et al., 2004;
Tunquist and Maller, 2003). Metaphase arrest allows these
animals to prepare mature, fertilizable eggs in preparation for
a rare encounter with a male of the same species. In striking
contrast, the maturation hormone in nematodes is secreted by
K.L. McNally, F.J. McNally / Developmental Biology 282 (2005) 218–230 229sperm (Miller et al., 2001). Thus, the meiotic prophase arrest
is not released unless there are already sperm in the adjacent
spermatheca. In this situation, there may be no evolutionary
advantage to maintaining a discrete, second cell-cycle arrest,
since an encounter with sperm is guaranteed within minutes
of maturation. This explanation would make sense even for
nematode species with separate sexes since females of these
species store sperm in a spermatheca, just like the hermaph-
roditic species, C. elegans.
Another possibility, however, is that C. elegans oocytes
actually do have a mechanism to generate a metaphase I
arrest after maturation but the arrest is released by passage
through the spermatheca rather than by fertilization. The
post-maturation metaphase I arrest in starfish is released by
an intracellular pH increase caused by exposure to sea water
rather than by fertilization (Harada et al., 2003). Likewise,
release of the Drosophila metaphase I arrest appears to be
caused by passage of the oocyte through the oviduct rather
than by fertilization (Heifetz et al., 2001). These events
occur just before exposure of starfish or Drosophila oocytes
to sperm. A clear test of the effects of the spermatheca on
meiotic progression will require mutants that block entry
into and/or exit from the spermatheca without affecting
other aspects of maturation.Acknowledgments
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